We show that a fixed-maturity time-weighted Forward Freight Agreement (FFA) portfolio should be used to proxy the expected future earnings of a vessel. We investigate the corresponding hedging efficiency when using a portfolio of FFA prices to hedge ship price risk of both static hedge ratios calculated using Ordinary Least Squares estimation and the dynamic hedge ratios generated from a dynamic conditional correlation GARCH (1,1) model. We find that the hedging efficiency is greater for newer vessels than older vessels and that the static hedge ratio outperforms the dynamic hedge ratio. Our work is an extension of earlier empirical work which has only considered the hedging efficiency of varying-maturity calendar FFA contracts for a single vessel age.
Introduction
Due to the volatile nature of shipping markets, risk management plays an important role. The volatility of ship prices affects ship owners, banks, investors and shipyards (Kavussanos and Visvikis 2006) . As ships are typically used as collateral in mortgages, any changes in ship value will affect the creditworthiness of ship owners as well as the lender's credit risk. Similarly, volatility of ship prices affects the balance sheet of ship owners, which also impacts equity investors' portfolios. Modigliani and Miller (1958) found that, assuming a fixed investment policy and no contracting costs or taxes, a firm's corporate financing strategy is irrelevant. This implies that the firm's value is unaffected by its hedging strategy; in fact, transaction costs related to hedging would actually reduce shareholder wealth. Smith and Stulz (1985) state that a firm's hedging policy affects a firm value through taxes, contracting costs or by impacting the investment policy. In this latter framework, there are several reasons why ship owners should hedge. Firstly, it is a sector characterized by capital intensive investments, which suggests extensive debt financing where capital costs affect profits. Thus, creditors will reward lower-risk ship owners through lower interest rates. Secondly, the potential transaction costs of bankruptcy can be lowered through risk management since ships are used as collateral in debt financing. Other effects, such as potentially higher after-tax income and lower share price volatility for public firms should also be considered. For private or family owned shipping companies especially, hedging can be a solution if the owners are not able or willing to diversify their portfolio themselves.
Of course, avoiding the potential loss from decreasing asset prices through hedging asset values also implies that no profit will be gained from market upturns. Often, such asset gains can be greater than those attained from the operation of the vessel itself, which is why many ship owners rely on vessel transactions ("asset play") to make a profit in this sector (Kavussanos and Visvikis 2006) . Under such circumstances, hedging is counterproductive.
While there exists a highly liquid and functioning futures markets for freight, interest rates, fuel oil and currency risk, vessel value risk is the only risk that currently cannot be managed through the use of bespoke financial instruments. However, this is perhaps the most important risk to ship owners in terms of dollar exposure (Adland et al. 2004) .
Traditionally, asset diversification has been the primary tool used to manage fluctuations in the balance sheet due to volatile ship prices. Portfolios can be diversified by including ships of different sizes, ages and types. Such diversification will have an effect if the prices of the different ships are not highly positively correlated. For instance, smaller vessels have a more flexible trading pattern, and therefore their ship prices are less volatile than those of larger vessels (Kavussanos 1996) . However, such fleet diversification can be costly due to transaction costs, brokers' commission fees and relatively low liquidity in the second-hand market (e.g., 86 Capesize vessels were sold worldwide in 2017 -a turnover of 5% compared to a fleet size of 1693 vessels at year end, per Clarkson Research). In addition, specialized dry-bulk operators may not have the experience and knowledge to operate oil tankers efficiently, and vice versa (Alizadeh and Nomikos 2009 ). However, this can be addressed by outsourcing both the commercial and technical management to third-party managers.
There have also been attempts at creating financial derivatives based on ship values. The Forward Ship Value Agreement (FoSVA) was introduced as a cash-settled forward contract on the value of the Baltic Sale and Purchase Assessments (BSPA) by Clarkson Securities Limited in 2003 (Adland et al. 2004 ). However, the contracts were never traded, partly due to the lack of a clearing mechanism and associated credit risk (Adland et al. 2004) . Also, marine insurers have tried to offer residual value insurance products without much success.
Given the lack of bespoke hedging instruments for ship values, it is necessary to consider the effectiveness of related financial instruments for cross hedging. The obvious candidate is the freight derivatives market, first introduced as the BIFFEX freight futures in 1985, to facilitate the management of risk associated with freight rate fluctuations (Stopford 2009 ). In the late 1990s the freight futures market became a more bespoke system of Over-the-Counter (OTC) forward contracts called Forward Freight Agreements (FFA). A FFA is defined as a cash-settled contract between two counterparties to settle a freight rate for a specified quantity of cargo or hire rate for a type of vessel in one (or a basket) of the major shipping routes in the dry bulk and tanker shipping sectors for a specified future time period. The underlying asset of the FFA contracts can be any of the routes (or basket of routes) that constitute the freight indices produced mainly by the Baltic Exchange or by other providers of freight market information (see Visvikis 2006, and Nomikos 2009 , for a full description of FFAs and their applications for hedging). Over the past decade, the credit risk in bilateral FFA contracts has been largely removed with the introduction of central clearing, with the percentage of cleared trades rising from 12.5% in 2006 to 99.5% in 2014 (Alizadeh et al. 2015) .
The possibility for cross hedging ship values with FFAs was first considered in Alizadeh and Nomikos (2012) , albeit in a simplified setting where a five-year old vessel is hedged with a single-maturity FFA contract. Our contribution to the literature is threefold. Firstly, we use maritime economic theory to show that a more appropriate approach is to hedge using a portfolio of FFA contracts covering as much of its operating life as is feasible. Secondly, we examine the effectiveness of hedging ship price risk using both static and time-varying hedge ratios of a time-weighted FFA portfolio in the dry bulk market. Thirdly, we show how the FFA hedging efficiency for ship values varies with the age of the vessels and relate this to the relative importance of earnings, expectations and scrap values in vessel values. Our findings are important for several market players in the shipping industry: (i) Ship owners in the dry bulk market can benefit from cost efficient risk management of their balance sheet, increasing leverage and security against loans; (ii) shipyards can hedge against newbuilding options; (iii) providers of mortgage-backed loans with ships as collateral can benefit from securityand maturity-matching against the ship loan portfolio; and (iv) asset underwriters can use our findings to construct residual value insurance products.
The remainder of this paper is structured as follows: In Section 2 we review the relevant literature on financial risk management in shipping. In Section 3 we establish a theoretical model which connects ship prices with freight derivatives and test this relationship empirically. Section 4 presents our data and methodology. Section 5 presents our empirical results, and finally Section 6 contains concluding remarks.
Literature review
The literature on second-hand ship price formation typically uses either traditional econometric techniques to explore determinants of ship prices or focus on the timeseries properties of ship prices. In the former category, Strandenes (1984) explains the second-hand ship prices as the weighted average of spot freight rates and long-run expected time charter rates. She later included the newbuilding price as a proxy for the long-run equilibrium price (Strandenes 1986). Tsolakis et al. (2003) used a theoretical Error Correction Model to discover that second-hand ship prices are generally determined by newbuilding and timecharter rates, both in the short-and long-run in most cases. They also show that different ship sizes and segments react differently to changes in these variables. Haralambides et al. (2005) extend this supply-demand framework by also studying newbuilding prices. Beenstock (1985) argues that a supply and demand framework is not sufficient for determining ship prices, as the freight market and ship market are interdependent, which implies that the markets are jointly and dynamically determined. Rather, he claims that ship prices are priced dependent on expectations since they are real capital assets, an idea that Beenstock and Vergottis (1989a, b) developed further.
In the second category, Kavussanos (1997) examines the fluctuations in drybulk second-hand ship prices using Autoregressive conditional heteroskedasticity (ARCH) models and found that the prices of small vessels are less volatile than for larger ones.
Kavussanos argued that this is because large ships operate in narrower markets while smaller vessels have more flexibility in their trading pattern. Nomikos (2007, 2012) focus on the cointegrating relationship between vessel values and timecharter rates or FFA prices, respectively, as established theoretically by the net present value model. Cointegration is examined in the framework of Engle and Granger (1987) and the Johansen test (Johansen 1988) , respectively, with empirical tests confirming that the relationship holds. Indeed, the main point of Alizadeh and Nomikos (2007) is to show that short-run deviations from the long-run relationship can be used for the timing of sale and purchase activity. In related work, Kou and Luo (2015) model the ship price-freight rate relationship allowing for structural changes and with the assumption that the freight rate follows an extended mean-reverting process. They find that the sensitivity of ship prices to freight rate changes is invariant to structural change. Alizadeh et al. (2017) introduce investor behaviour and heterogeneity among ship investors and find that momentum-driven investment tends to increase volatility, while investment demand driven by fundamentals decreases ship price volatility.
If two asset prices are closely correlated, then they are potential candidates for cross hedging. Hedging has been extensively covered within the general finance literature, with researchers initially advocating the one-to-one hedge ratio as described in Stevens (1976) and later the variance minimizing portfolio approach (Ederington 1979) . Kroner and Sultan (1993) argue that the implicit assumption of constant variance in spot and futures prices of Ederington (1979) was inappropriate and suggested to estimate dynamic hedge ratios that can account for time-varying variance. While a vast literature examines the different models that can be used for calculating dynamic hedge ratios, generalized autoregressive conditional heteroskedasticity (GARCH) models -introduced by Bollerslev (1986) based on Engle's (1982) ARCH-model -appears to be the preferred method, as used by Kavussanos and Visvikis (2008) and Chang et al. (2011) , among others.
Several studies have examined the hedging efficiency of freight futures or FFAs, notably Thuong and Visscher (1990), Haralambides (1992) , Kavussanos and Nomikos (2000a, b) , Kavussanos and Visvikis (2010) , and Goulas and Skiadopoulos (2012) . A general finding is that the hedging efficiency is lower than for other (commodity) markets, a feature that is most often attributed to the fact that spot freight rates represent the price for a non-storable service such that there does not exist a cost-of-carry relationship between spot and forward prices. In other words, a lower degree of comovement should be expected a priori, particularly at longer maturities. This question is naturally also related to the price discovery function and the unbiasedness of FFAs in relation to realized spot rates. Kavussanos and Nomikos (1999) found that freight futures prices (1 and 2 months before maturity) provide unbiased forecasts of the realized spot rates. Kavussanos et al. (2004) later conclude that the validity of an unbiasedness hypothesis depends on market characteristics, trade routes and the contract's time to maturity. Alexandridis et al. (2017) investigate the lead-lag relationships between FFAs, freight options and the physical market and find that freight futures market informationally leads the physical spot rates. Yin et al. (2017) identify the long-run and mutual causal relationship between the spot and FFA prices in a VAR and VECM framework and find that cointegration as well as exogeneous factors such as market demand and supply are dominating in their long-run dynamics. In related work, Alizadeh et al. (2004) studied the efficiency of hedging marine bunker price fluctuations using different crude oil and petroleum futures contracts. Using both static and dynamic hedge ratios, they found the cross-market hedging efficiency to be low compared to other markets.
The hedging efficiency of freight derivatives is also negatively affected by basis risk. Adland and Jia (2017) elaborates on the several sources of physical basis risks in the freight markets, notably differences in timing and vessel specifications. Adland and Alizadeh (2018) show that physical timecharter rates and prices of a portfolio of equivalent-duration FFA contracts in the drybulk market are co-integrated and interpret the mean-reverting differential as a proxy for differing credit risk and a convenience yield for having access to physical transportation.
Compared to freight futures and FFAs, research on the financial management of vessel value risk is lacking. Alizadeh and Nomikos (2012) establish the co-integrating relationship between five-year-old vessels and a single calendar-year FFA contract and study the corresponding efficiency of hedging ship price risk with FFAs in the dry bulk sector between 2005 and 2010. The use of a calendar-year contract for hedging purposes introduces some methodological challenges when the contract is rolled overboth in terms of artificial jumps in prices and, more importantly for this purpose, jumps in the volatility of the contract with which you hedge. This is because of the downward-sloping term structure of volatility in forward rates, as established in Alizadeh and Nomikos (2011) . This will impact the estimated hedging ratios and hedging efficiency to an unknown extent. A safer approach, which we adopt in the current paper, is to generate a rolling fixed-maturity portfolio of FFAs covering a greater part of the lifespan of the ship.
Economic theory also suggests that vessels of different ages will be affected differently by freight market conditions and, consequently, require different hedge ratios. There are two effects at play here: The value of a young vessel will be more affected by longterm expectations as it has a long remaining lifespan, and less affected by the scrap value in the distant future. Conversely, the value of an old vessel will be more affected by short-run expectations (for which FFA prices are presumably good proxies) but also changes in scrap prices which cannot be hedged. It follows that, a priori, FFAs are expectedly better hedging instruments for vessels of medium age. The relationship between vessel age and hedging ratios/efficiency has not been previously considered in the literature.
In the current paper we expand on the work of Alizadeh and Nomikos (2012) along three dimensions. Firstly, we argue that if ship prices are a time-weighted average of future earnings (Strandenes 1984; Kavussanos and Visvikis 2006) then ship prices ought to be hedged not with a single FFA contract but with a portfolio of FFA contracts covering as much of the vessel's economic life as possible. Secondly, we investigate differences in the hedging efficiency of FFAs across different vessel ages. Thirdly, we consider both static and dynamic hedging strategies.
Theory

Ship price formation
The second-hand market for ships facilitates easy entry and exit of shipping investors, trading vessels worth millions of dollars "like sacks of potatoes at a country market" Stopford (2009, p.198) . According to Stopford (2009) , four factors influence the price of a vessel: freight rates, age, inflation and ship owners' expectations for the future. Any vessel can be priced according to the sum of the present value of the expected cash flows from operating the ship and the expected discounted scrap value received when the ship is obsolete (Kavussanos and Visvikis 2006) . Formally, the expected return from ownership can be written as (Alizadeh and Nomikos 2007) :
where E t (r t + 1 ) is the expected one period return, E t (P t + 1 ) − P t is the expected gain in the ship price and E t (Π t + 1 ) is the expected profits from operations. Re-arranging Eq. 1, the ship price today, P t , is:
where the ship price is now explained as the present value of the expected ship price in the next period, plus the operational profits in the next period, all discounted by the expected rate of return. Since this formula holds for every future period, the price at time t can be written as the sum of all discounted future operational profits and the discounted residual value of the ship:
where E t ðP SC tþn Þ is the residual value in the last period, which could be either the resale price or demolition value, and the discount rate, r i , is the rate of return demanded by the investor for holding the asset. The discount rate should reflect the uncertainty of both the future profits and the residual value generated by the ship.
The operating profit in Eq. 3 is driven by freight income and operating costs. Freight income is driven mainly by the level of freight rates, but also the utilization of the vessel, such that the ratio of laden to ballast voyages or the relative performance of the geographical region of trade. Freight rates are known to be very volatile due to the inherently volatile demand for shipping services (Kalouptsidi 2014 ) and the price inelasticity of demand itself due to the lack of convenient substitutes for ocean freight (Alizadeh and Nomikos 2011) . Furthermore, the supply curve is widely recognized as convex, implying that the supply is elastic until the world fleet is fully utilized, and at which point it becomes quite inelastic due to the time it takes to order and build a new vessel (Stopford 2009 ). An inelastic and volatile demand combined with slow and inaccurate supply adjustment leads to volatile freight rates.
While vessel earnings clearly also depend on the level of operating costs (taken broadly as both voyage costs such as fuel and operating expenses such as maintenance and insurance costs), the effect of cost variations depends on the elasticities of supply and demand (Beenstock and Vergottis 1989a, b) . If the demand curve is perfectly inelastic, freight rates will increase at a rate equal to the change in costs. As the demand curve in the drybulk market can be assumed to be inelastic (Alizadeh and Nomikos 2011) , changes in costs will be largely offset by changes in freight rates. Hence, changes in costs will have little impact on the ship price.
Ship prices are also affected by changes in the scrap value, which in turn depends on the steel price and the supply and demand of scrap (Stopford 2009 ). However, the scrap value's importance for the total ship price depends on the age of the vessel and the state of the freight market. In particular, scrap price fluctuations influence the ship prices of older vessels more than newer vessels. The rationale is that the residual value comprises more of the value, for instance, for a 20-year-old vessel than for a 5-year-old vessel, as illustrated in Eq. (3). Furthermore, during recessions, the scrap value tends to constitute more of the total value of the ships. For example, during the boom that occurred between 2005 and 2008, the "total value to scrap value"-ratio was 5 for 15-yearold Capesize vessels, however, in 2014, during the recession, the ratio had fallen to only 2 (Clarkson Research 2016).
Ship prices are also sensitive to the discount factor, which is the last component of Eq.
(3) (Alizadeh and Nomikos 2012) . Since it depends on such factors as the market premium, the equity beta, the risk-free rate and the cost of debt, it is quite clear that it will vary over time. However, it is reasonable to assume that these variables adjust quite slowly (Campbell and Viceira 2005) , and so they are generally not the main cause of the sudden fluctuations we observe in ship prices.
The relationship between FFAs and ship prices
So far we have established that second-hand ship prices are driven mainly by expectations of future freight rates (c.f. Eq. 3), though other input variables such as expected scrap prices and the cost of capital also play a role. The suitability of a portfolio of FFAs as an instrument for cross hedging ship prices therefore depends on the extent to which the forward freight curve is a good representation of future freight rates. This is often termed the unbiasedness hypothesis -futures prices should be unbiased estimators of the future spot freight rates (Kavussanos and Visvikis 2006, p.105) . Assuming rational expectations, i.e. that it is not possible to forecast the expectation error with the information available when the expectation is formed, the unbiased hypothesis can formally be stated as:
where u t is an independent and identically distributed stochastic term with a zeromean and variance σ 2 . Kavussanos et al. (2004) tested the unbiasedness hypothesis on the basis of the cointegrating relationship between spot freight rates and FFA prices and found it to hold for FFA prices 1 and 2 months prior to maturity for all routes investigated. For longer contracts, however, the results were dependent on the routes. We note that the FFA market has since evolved away from contracts traded on single routes and settled against average spot rates towards the end of the month, such that some of these findings may no longer be applicable. Kavussanos and Nomikos (1999) and Kavussanos and Nomikos (2003) undertook similar studies for the since-defunct BIFFEX freight futures contract. In the context of using FFAs to hedge ship prices, the existence of a timevarying differential between the physical and derivative markets (Adland and Alizadeh 2018; Adland and Jia 2017) due to physical basis risk is not critical, though it will reduce the hedging efficiency of the derivative contract.
From a theoretical point of view, if the future operating cost OPEX t is a deterministic function of time and FFA prices are unbiased predictions of future (average monthly) spot market earnings, then the expected operational profit in month t + i in Eq. 3 can simply be replaced by the current FFA price with maturity t + i (F t,t + i ) net of operating costs such that E t (Π t + 1 ) = F t,t + i -OPEX t .
There are two important comments to make here. Firstly, in practice, FFAs are not traded with maturities equivalent to the full lifetime of a modern vessel. Prices from reporting agencies such as the Baltic Exchange are available only for about 5 years, and liquidity is poor for contracts beyond the first 2 years (n = 24 months). This means that the theoretical relationship between FFA prices and vessel prices contains a considerable residual value that cannot be hedged. 1 However, in the long-run, freight rates are expected to return to some long-term average level (Strandenes 1984; Adland and Cullinane 2006) . This is because of the mean reversion property of freight rates; unlike financial assets that follow a random walk (Alizadeh and Nomikos 2009) . It follows that the tradable part of the FFA curve will tend to capture most of the expected variation in freight rates, with the residual being rather stable and linked to the long-term expected freight rate level. This is particularly true when the speed of mean reversion is large. Secondly, we note that the theoretical framework presented here suggests that the cross hedging of ship prices using freight derivatives should use a portfolio of (consecutive maturity) FFA contracts covering as much of the lifetime of the vessel as possible. This is particularly important due to the well-known declining term structure of volatility of FFAs, where contracts with short maturity tend to be more volatile than those further out on the forward curve. Furthermore, this also highlights the importance of vessel age on the hedging efficiency: The tradable part of the FFA curve is likely to cover more of the remaining lifespan for an older vessel. For these reasons it is important to expand on the work of Alizadeh and Nomikos (2012) as we do here.
Hedging
Let us assume that we are trying to hedge the price of a vessel (or a portfolio of vessels) with a short position in a portfolio of FFA contracts using both static and dynamic hedges.
The regression model used for estimating the static hedge ratio is as follows:
where ΔP t is the percentage return of ship prices between t and t -52, α is the constant term, β is the slope coefficient (equivalent to the optimal static hedge ratio) and ΔF t is the percentage return on the FFA portfolio between t and t -52. We use yearly returns to capture the long-run effect of co-integration between ship prices and the FFA portfolio price and avoid the noise introduced by short-term deviations, in accordance with Alizadeh and Nomikos (2012) . Note here that we adjust the yearly returns for the depreciation of the asset. 2 Results for Engle-Granger co-integration tests are provided in Table 7 Appendix.
1 Without loss of generality, the scrap value P SC tþn in Eq. 3 can be replaced by a vessel residual value for values of n shorter than the expected remaining lifetime of the ship. 2 The one-year depreciation is calculated by dividing the price difference between a 5-and a 10-year-old vessel by five at each point in time. For the 10-year-old ships, the price difference between 10-and 15-year-old ships is used, and so on.
One problem with using weekly observations of yearly returns (i.e. overlapping return periods) is that it creates a moving average of the error term. 3 This implies that the models may not be suitable for determining hedging effectiveness, as the standard errors and R-squared may be biased. As we would not have enough non-overlapping observations, we instead follow Alizadeh and Nomikos (2012) and employ the stationary bootstrap technique of Politis and Romano (1994) . This technique involves resampling blocks of the original observations, with replacement, to generate new series of random paths for ship prices and FFAs and estimate the corresponding hedge ratios and hedging efficiencies. As also concluded by Alizadeh and Nomikos (2012) , it turns out that the results robust to this type of mis-specifications (c.f. Table 8 in Appendix). Additionally, the Newey and West (1987) correction for serial correlation and heteroskedasticity is applied to the OLS estimation of Eq. (5). As a final test of robustness of the results we conduct an out-of-sample test, using the period from 2005 to 2009 to determine the static hedge ratios, before assessing their performance in the period 2009-2016.
The optimal static hedge ratio requires both the variance and the covariances to be constant over the examined time period. However, time-varying volatility is a common phenomenon in financial time series (Bollerslev et al. 1992) . Also in shipping, Kavussanos (1996 Kavussanos ( , 1997 find that both freight rate volatilities and ship price volatilities are time-varying.
Dynamic hedge ratios represent an approach for addressing the problem of timevarying volatility. Baillie and Myers (1991) note that the optimal dynamic hedge ratio, that is, the ratio of spot to futures that minimizes the conditional variance of the hedged portfolio returns, can be written as:
where b t − 1 is the optimal hedge ratio conditional on the information available at time t -1, Cov(ΔP t , ΔF t | Ω t − 1 ) is the conditional covariance of ship prices returns and futures returns and Var(ΔF t | Ω t − 1 ) is the conditional variance of futures returns. Compared to the optimal static hedge ratio in Eq. (5), the difference is that the covariance and variance are conditional on information available at t -1, thus the hedge ratio is set every period and is dynamic. We use the time-varying hedge ratio to construct a new hedged portfolio. For comparison with the static strategy, we use the following measure of hedging effectiveness, E, derived by Ederington (1979) :
where σ 2 u is the variance of the unhedged portfolio returns, i.e. the return of the ship price index, and σ 2 h is the variance of the returns of the new hedged portfolio. In order to extract the time-varying variances and covariances for the dynamic hedge ratios we use Engle's (2002) dynamic conditional correlation GARCH (1,1) model. The  GARCH (1,1) specification is the most commonly used GARCH model for financial time series, based on its ability to adequately capture the dynamic of the variance (Alizadeh and Nomikos 2009 ). This has also been shown by Kavussanos and Nomikos (2000b) , who estimated dynamic hedge ratios in the freight derivatives market. We define the model in accordance with Chang et al. (2011) as follows:
where y t = (y 1t , …, y mt )′ is a sequence of independently and identically distributed random vectors, F t − 1 is the information available at t-1, m is the number of returns, D t
is a diagonal matrix of conditional variances and Γ t is the correlation matrix containing the conditional correlations. The conditional variance is defined as a univariate GARCH(p,q) model as follows:
where α ik is the parameter of lagged squared error terms (the ARCH effect) and β il is the lagged variance parameters (the GARCH effect). In line with Alizadeh and Nomikos (2009, p.87) we use the Maximum Likelihood method for estimating the parameters of interest, using the statistical software Stata. and used to calculate the optimal timevarying hedge ratio from Eq. (6). To compare of the hedge efficiency with the static hedge, we construct portfolios where the hedge ratio is dynamically adjusted every week. Then, we calculate the hedging effectiveness of this portfolio from Eq. (7).
Data
Descriptive statistics
Our data set consists of weekly (Friday) ship prices and FFA prices between January 7th, 2005 and December 30th, 2016, collected from the Clarkson Shipping Intelligence Network and the Baltic Exchange, respectively. The prices refer to ships in average condition, built at a first-class competitive shipyard and represent Clarksons' best estimate of what price a standard ship would have obtained in the market if transacted between a willing buyer and seller (Clarkson Research 2015) . We note that the resulting timeseries of ship prices necessarily relies in part on shipbrokers' subjective assessment and may therefore be subject to measurement errors. However, the alternative -a purely transaction-based index -is difficult to generate in the sale and purchase market for ships due to low liquidity and a heterogeneous fleet. An important question from a hedging point of view is whether brokers' reliance on the last deal done has an anchoring effect on price estimates, in which case the measured ship price volatility may be lower than the true volatility, and thus potentially affect both correlations and portfolio variance. We use FFAs settled on the global average of Capesize tripcharter rates (the so-called 4TC average) as the hedging instrument as these are known to be the most liquid contracts (Kavussanos and Visvikis 2016) . Sufficient liquidity is important in the FFA market as bid-offer spreads can be substantial (Alizadeh et al. 2015) . In order to match with the reporting for our weekly Clarkson ship price indices we use the closing price as of Friday, or Thursday if Friday is a non-reporting day. Based on the prices of the individual quarterly and calendar year contracts we follow Adland and Alizadeh (2018) and construct a two-year fixed maturity FFA portfolio by weighting each contract in accordance with the number of days within the two-year window. For instance, this implies weighting the nearest contract by the days left of the current quarter. 4 Likewise, the farthest contract is weighted such that the total hedging period at any time equals 2 years. For instance, on the 3rd of February 2012 the FFA portfolio is constructed as [(Q1x58 + Q2x90 + Q3*90 + Q4*90 + CAL13*365 + CAL14x33)/730]. 5 Table 1 summarizes the descriptive statistics for ship prices and corresponding annual returns. As expected, younger vessels are more expensive than older vessels, with average prices declining roughly linearly with age from USD 57.94 million for a 5-yearold vessel to USD 18.67 million for a 20-year-old vessel. We also note the small difference between the minimum price of the 15-and 20-years-old vessels, indicating that the scrap price acts like a floor during poor markets. Importantly, the correlations between our Capesize FFA portfolio and ship prices is very high even on a return basis. The correlation to FFAs is the lowest for 20-year old vessels, implying that scrap price dynamics is somewhat more important for this vintage, as expected. We note further that the volatility of (weekly) ship price returns is an increasing function of vessel age. This reflects: 1) the greater impact of short-term freight market volatility when the remaining lifespan is short and 2) the expectation of mean reversion of freight rates, which means that long-term freight rates and the residual vessel value in the "long term" is necessarily less volatile. Thus, the value of modern tonnage will fluctuate less on a return basis. Table 2 summarizes statistics for the 4TC average FFA contracts used in the portfolio, as well as the portfolio overall. The nearest contracts have a higher volatility than contracts far away, a pattern known as "volatility term structure" (Alizadeh and Nomikos 2009, p.168) . This is in accordance with the notion of mean reversion in spot freight rates, in which case a long-term average has lower volatility than a short-term average. For the alternativea RandomWalk processvolatility is by definition independent of maturity and time horizon.
As our sample period incorporates some of the highest spot rates ever observed in the drybulk market, the forward curve is on average backwardated. This indicates that, over the examined time period, the market tends to anticipate lower future spot rates (Alizadeh and Nomikos 2009, p.167) . Figure 1 illustrates the price development for five-year old Capesize vessels and our dayweighted FFA portfolio during our sample period., which confirms the high correlation (in levels) stated in Table 1 . The greater volatility of the FFA prices are due to the difference in the effective maturity of the two assets and the long-run mean reversion discussed above.
Stationarity and co-integration
It is well known from maritime economic theory that very low and very high freight rates cannot persist in the long run due to supply-side adjustments (Stopford 2009 ).
Consequently, spot freight rates cannot exhibit asymptotically explosive behaviour, as implied by non-stationarity (Koekebakker et al. 2006) . By extension, nor can freight rate contingent claims such as ship prices and FFA prices. Nonetheless, it is often difficult empirically to reject the null hypothesis of a unit root in empirical work.
We test the time series at hand for stationarity using the Augmented Dickey-Fuller (ADF) test:
where the change of the time series y t is regressed on lagged observations of itself, y t − 1 , α is the drift component and δ i are parameters on the lags of y that is intended to account for any serial correlation in Δy t . The null hypothesis is y = 0, which indicates non-stationarity. We find the number of lags by minimizing the Schwarz criterion (SBIC). The level series are specified with an intercept but no trend, as the series around a non-zero value. The return series (both weekly and monthly) fluctuate around zero and have no clear trend. Hence, we specify the ADF regression without trend and intercept. The results in Table 3 indicate that we cannot reject the null hypothesis regarding the existence of unit root in any of the level time series, which means that these series should not be used for hedging purposes in OLS (Granger and Newbold 1974) . The series of weekly and monthly 6 (non-overlapping) returns are clearly stationary for both ship prices and FFAs. This is in accordance with the results of both Adland et al. (2004) and Alizadeh and Nomikos (2012) . Regarding yearly returns we do not have enough non-overlapping observations to draw a clear conclusion. However, the theoretical mean reversion argument and clear stationarity of weekly and monthly returns makes it reasonable to argue that yearly returns are also stationary (Alizadeh and Nomikos 2012). Finally, having established a theoretical relationship between ship prices and FFAs in the Theory section, we investigate this relationship empirically using the cointegration framework proposed by Engle and Granger (1987) . The test results indicate a strong long-run relationship between ship prices and FFA portfolio prices for all sizes and vintages of vessels. 7
Empirical results
Static hedge ratio Table 4 shows the estimated static hedge ratio and hedging efficiency when using the FFA portfolio to hedge Capesize vessel values across the age spectrum. The hedge ratio is 0.557, 0.666, 0,720 and 0.594 for the 5-, 10-, 15-and 20-year-old Capesize vessels, respectively. The regressions' R 2 are 0.824, 0.842, 0.841 and 0.658, respectively. This means that hedging 55.7% of a 5-year-old vessel's value with the FFA portfolio leads to an 82.4% hedging efficiency in the examined time period. The FFA portfolio return is significant in explaining ship price return for all ship ages at a 1% significance level.
The hedge ratio is increasing from age 5 years to age 15 years. This is likely related to the increase in ship price volatility with age, though FFA return remains greater (on a return basis). Hence, the hedge ratio also has to increase to account for a more volatile ship price. For the 20-year old vessel this relationship changes, with a substantially lower hedge ratio.
The relatively low hedging efficiency for the 20-year-old vessels can be explained by Eq. (3), as a vessel's value is considered the sum of all (discounted) future earnings and the discounted residual value. At the end of a ship's economic lifetime, the future profits represent a smaller fraction of the value than that of a younger ship. That implies that the residual value becomes more important, however, it is not possible to hedge this aspect with FFAs. The reason that the hedging efficiency is nevertheless quite high could be that the FFA portfolio is correlated with the scrap value (Alizadeh and Nomikos 2009) .
While the optimal hedge ratio is set ex post, the hedging efficiency is a measure of the futures' potential for reducing risk. This variance reduction is only achieved if the hedge ratio used equals the optimal hedge ratio ex post. This proposes a problem for hedgers who need to decide their hedge ratios ex ante. We test the robustness of the estimates by conducting an out-of-sample test, i.e. whether the optimal hedge ratio from one period performs well in the subsequent period. The out-of-sample hedging performance, shown in Table 5 , is lower in all cases compared to the in-sample results though remain highly respectable.
These results indicate that the optimal hedge efficiency and ratio is relatively stable between the two periods, at least for the youngest vessels. It is worth keeping in mind that the variance is higher in the first period (2005) (2006) (2007) (2008) (2009) , as this was the period leading up to and during the financial crisis, while the out-of-sample period (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) coincides with the less volatile post-financial crisis period.
Dynamic hedge ratio and efficiency
The dynamic hedge efficiencies calculated using the GARCH model are summarized in Table 6 . Interestingly, the dynamic hedge ratio underperforms the static hedge in terms of hedging efficiency despite the superior statistical properties of the GARCH model compared to the simple OLS model. This is a common result also for other commodities such as for wheat futures (Myers 1991) and soybeans (Garcia et al. 1995) . However, it might be that other dynamic model specifications are more appropriate for our data than the GARCH (1,1) model. Hence, we cannot conclude that dynamic hedge ratios in general underperform the static hedge ratio in hedging vessel values. The optimal dynamic hedge ratio for a five-year-old vessel is presented as an example in Fig. 2 , together with the optimal (ex-post) static hedge ratio for comparison. The conditional hedge ratio is clearly changing as new information arrives in the market. We note that the dynamic hedge model sometimes suggests negative hedge ratios, that is, effectively increasing exposure to the shipping markets through adding long FFAs positions to an existing "long vessel" position as a shipowner. This is simply a result of negative covariance over certain windows in our rolling sample for dynamic hedge ratio estimation. While FFA prices and second-hand values are co-integrated in the long run, co-integration does not preclude short-term deviations or indeed price moves in opposite directions.
Concluding remarks
In this paper we have revisited the theoretical relationship between vessel values and a freight derivatives portfolio to show that ship price exposure should be hedged with a fixed-maturity portfolio of FFA contracts covering as much of the vessel's lifespan as possible. We also highlight how solutions adopted in the literature, using a single FFA contract for hedging, creates artificial jumps in the volatility of the hedging instruments at the time of rollovers, which will affect hedge ratios. We also show, based on maritime economic theory, that there is a relationship between the vessel age (i.e. remaining lifespan) and the ability of FFA contracts to hedge vessel values. Our empirical estimates of the optimal hedge ratios and hedging efficiency across vessel ages suggest that the hedge ratio is generally increasing with vessel age, except for vessels beyond 15 years of age. This is a new result in the limited ship hedging literature.
We note that the true hedging efficiency can differ from the results obtained here. Firstly, we do not account for physical basis risk between the actual vessel or fleet or vessels being hedged and the standard "Baltic type" vessel underlying FFA contracts. Such physical basis risk includes but is not limited to differing technical specifications, attractiveness in the second-hand market and the impact of low liquidity on pricing. Secondly, we only consider the hedging of returns attributable to changes in vessel values and not the overall return from vessel ownership, which also includes earnings (potentially negative) from operation. Including earnings from operation would increase the volatility of returns from ship ownership (they are pro-cyclical) and likely also the correlation with FFA returns (as freight rates are highly positively correlated with FFA prices). The overall effect should, thus, be an increase in both the hedge ratio and the hedge efficiency.
In terms of further work, it would be interesting to investigate how different dynamic model specifications can compete against the static optimal hedge ratio. The table shows the ADF test statistic for the series in level, weekly returns and monthly returns. The weekly returns are the first difference of the level series. The ADF regressions are specified without trend for the level series, and without trend and intercept for the both of the return series. The lag length is determined by the SBIC. The 5% critical value for the ADF is -2.860 for the level series and − 1.950 for the return series 10-year 0.648 *** (0.003) −0.098 *** (0.002) 0.796 38,920
15-year 0.704 *** (0.003) −0.110 *** (0.002) 0.799 39,729
20-year 0.583 *** (0.005) −0.085 *** (0.003) 0.628 16,871
Figures in () are standard errors. FFA denotes the bootstrapped FFA-portfolio, Con. is the constant. ***indicate significance at the 1%, 5% and 10% level, respectively. The bootstrap series is constructed by 10,000 realizations of nonoverlapping 52-week returns based on the stationary bootstrap of Politis and Romano (1994) 
